Arabidopsis thaliana SNF1-related-kinase 1 (SnRK1)-activating kinase 1 (AtSnAK1) and AtSnAK2 have been shown to phosphorylate in vitro and activate the energy signalling integrator, SnRK1. To clarify this signalling cascade in planta, a genetic-and molecular-based approach was developed. Homozygous single AtSnAK1 and AtSnAK2 T-DNA insertional mutants did not display an apparent phenotype. Crossing of the single mutants did not allow the isolation of double-mutant plants, whereas self-pollinating the S1À/À S2+/À sesquimutant specifically gave approximatively 22% individuals in their offspring that, when rescued on sugar-supplemented media in vitro, were shown to be AtSnAK1 AtSnAK2 double mutants. Interestingly, this was not obtained in the case of the other sesquimutant, S1+/À S2À/À. Although reduced in size, the double mutant had the capacity to produce flowers, but not seeds. Immunological characterization established the T-loop of the SnRK1 catalytic subunit to be non-phosphorylated in the absence of both SnAKs. When the double mutant was complemented with a DNA construct containing an AtSnAK2 open reading frame driven by its own promoter, a normal phenotype was restored. Therefore, wild-type plant growth and development is dependent on the presence of SnAK in vivo, and this is correlated with SnRK1 phosphorylation. These data show that both SnAKs are kinases phosphorylating SnRK1, and thereby they contribute to energy signalling in planta.
INTRODUCTION
It is now well established that orthologues of the energy balance regulator, AMP-activated kinase (AMPK) in mammal cells and sucrose-non-fermenting 1 (SNF1) in yeast, are also present and display a similar function in plant cells (Baena-Gonz alez et al., 2007; Polge and Thomas, 2007; Hardie, 2011) . A central role of SNF1-related-kinase 1 (SnRK1) in the convergent reprogramming of transcription in response to a variety of stress conditions, including darkness, has been shown to occur in Arabidopsis thaliana. Stress activation of this signalling mechanism promoted catabolism and suppressed anabolism, thereby leading to an optimized energy balance (Baena-Gonz alez et al., 2007) . Downstream in this complex cascade system various substrates or companion regulators are involved, including transcription factors [b-ZIP, trihelix and indeterminate domain (IDD)-containing], metabolic enzymes and cell proliferation regulators (Baena-Gonz alez et al., 2007; Halford and Hey, 2009; Gu erinier et al., 2013; Emanuelle et al., 2015; Jeong et al., 2015; O'Brien et al., 2015) . Much less is known regarding the upstream components acting from signal perception to SnRK1 activation, however. Many biochemical studies have established that AMPK/ SNF1/SnRK1 is composed of three subunits: a, the kinase catalytic subunit, and b and c, acting as regulatory proteins, each of them being encoded by multigene families that allow a series of combinatorial kinases to occur (Crozet et al., 2014; Hardie et al., 2016) . The phosphorylation of a highly conserved threonine residue on the T-loop is required for AMPK/SNF1/SnRK1 kinase activity (Stein et al., 2000; McCartney and Schmidt, 2001; Baena-Gonz alez et al., 2007; Shen et al., 2009; Crozet et al., 2010) . In mammals, phosphorylation of this conserved Thr (Thr172 in human AMPKa) is achieved by two major upstream kinases, the tumour suppressor LKB1 and the calciumdependent kinase CaMKKb (see Hardie et al., 2016) , whereas in budding yeast three kinases, namely PAK1, TOS3 and ELM1, are implicated in SNF1-Thr210 phosphorylation (Hong et al., 2003) . Shen et al. (2009) have shown that the Arabidopsis thaliana PAK1/TOS3/ELM1 homologs GRIK1 and GRIK2 (also named SnAK2 and SnAK1, respectively) can phosphorylate/activate SnRK1a1/2 (also named KIN10/11) kinase in vitro. In addition, GRIK2, and to a lesser extent GRIK1, could complement the yeast PAK1/TOS3/ ELM1 triple mutant (Shen and Hanley-Bowdoin, 2006; Hey et al., 2007) , and pull-down experiments showed a strong interaction between recombinant GST-tagged GRIKs and His-tagged SnRK1a1. This interaction was only found in young tissues and Gemini virus-infected mature leaves (Shen et al., 2009) . Our previous work on this kinase system confirmed the in vitro phosphorylation of recombinant AtSnRK1a by AtSnAKs in the following sequence of events: (i) Thr154 autophosphorylation/activation of AtSnAK2; (ii) Thr175 AtSnRK1a phosphorylation/activation by autoactivated AtSnAK2; (iii) reciprocal Ser261 AtSnAK2 phosphorylation/inhibition by activated AtSnRK1a (Crozet et al., 2010) .
In vitro target phosphorylation by kinases is however not a proof that this post-translational modification occurs in planta. Consequently, a genetic approach using T-DNAinsertional SnAK mutants was used to investigate the impact of these mutations on SnRK1 phospho-status, plant growth and development. In Arabidopsis, however, it had been shown that double GRIK (SnAK) mutant lines were lethal before germination (Bolle et al., 2013; GABI-DUPLO collection) . Therefore, we reinvestigated this by using both AtSnAK sesquimutants for double-mutant production. The self-pollination of AtSnAK1À/À AtSnAK2+/À plants allowed us to rescue the double AtSnAK mutant on sugar-supplemented in vitro medium. The characterization and successful complementation of the double mutant identified both AtSnAKs as genuine AtSnRK1-activating kinases in planta.
RESULTS
Characterization of Arabidopsis SnAK1 and SnAK2 singleand sesquimutants, and acquisition of the SnAK1 SnAK2 double mutant Seeds of T-DNA insertional mutant lines for AtSnAK1 and AtSnAK2 were obtained from SALK (SALK_015230) and GABI-Kat (GK_713C09) collections, respectively. Plants were grown from seed in the glasshouse and then genotyped to select homozygous lines, as described in the experimental procedures. For SALK_015230 AtSnAK1 the T-DNA insertion was confirmed to be in the eighth exon of the coding sequence, whereas in the case of the GABI_713C09 AtSnAK2 line, the T-DNA insertion was found to be present in the eighth intron (Figure 1a ). RT-PCR using total RNA from flowers and flower buds, tissues in which the expression of both genes was found to be at least as high as in young tissues (http://bar.utoronto.ca/efp/ cgi-bin/efpWeb.cgi; Winter et al., 2007) , did not allow the detection of AtSnAK1 and AtSnAK2 full-length mRNA in the selected homozygous lines (Methods S1; Figure S1 ). Thus, these two insertional mutants were considered as genuine knock-out lines, but with no apparent developmental phenotype when cultured in standard growth conditions. Therefore, AtSnAK1 and AtSnAK2 appeared to be functionally redundant for normal plant growth and development. To gain insight into the physiological role of AtSnAK, the production of the double mutant was undertaken. This was initiated by crossing the corresponding single-mutant lines, but unfortunately no double-mutant plants were detected in the resulting F 2 generation. This strongly suggested that the loss of function of both AtSnAK genes led to lethality, in good agreement with the results of the GABI-DUPLO project, devoted to overcoming genetic redundancy in Arabidopsis (Bolle et al., 2013) . The authors concluded that GRIK1/2 (AtSnAK2/1, respectively) had to be ranked in the group of lines that were 'lethal before germination', and they assumed that the double mutant died at a very early stage and that it was either gametophytic or embryo lethal (Bolle et al., 2013) .
As an alternative way to produce the AtSnAK1 AtSnAK2 double mutant, it was decided to use the corresponding sesquimutants. In the F 2 progeny of single-mutant crosses, both sesquimutants were obtained, namely S1+/À S2À/À and S1À/À S2+/À, which retained only one wild-type allele of either AtSnAK1 or AtSnAK2, respectively. Again, like the single AtSnAK mutants, they displayed no apparent phenotype (Figure 1c) , thereby indicating that SnAK activity was at a level to allow normal growth and development. These plant lines provided the possibility to generate double mutants with a theoretical proportion of one-quarter in both sesquimutant progenies.
When the progeny (obtained by self-pollinating) of the S1+/À S2À/À sesquimutant was cultivated in soil, the phenotypic landscape was similar to wild-type plants, and genotyping did not reveal the existence of double AtSnAK mutants. In marked contrast, soil-grown sesquimutant S1À/À S2+/À self-pollinating progeny, batch-harvested, showed around 20-25% of the population displaying a growth-arrest phenotype at the two-cotyledon-stage after germination ( Figure 2a ). As these plants might represent double mutants, seed were sown in vitro on glucose-supplemented half-strength MS medium. Two types of plantlets were observed (Figure 2b) , with an approximate repartition of 75% wild-type-like large phenotype plantlets and 25% small slowly growing phenotype plantlets. The molecular characterization clearly demonstrated that these small-phenotype plantlets corresponded, at the genotype level, to the bona fide double mutant (Figure 2c ), whereas the wild-type phenotype plants were either AtSnAK1 single mutants (S1À/À S2+/+) or parental S1À/À S2+/À sesquimutants. After self-pollination of the S1À/À S2+/À sesquimutant, seeds contained in closed, whole siliques from three different plants were harvested, sterilized and sown on glucose-supplemented medium. All resulting plantlets (n = 303) were genotyped to determine the exact proportion of double mutant (22.1%), S1À/À S2+/+ (22.4%) and S1À/À S2+/À (53.5%) plants (Table 1 ). This was also performed on seeds recovered from closed, whole siliques of three different S1+/À S2À/À sesquimutants. From the resulting plantlets (n = 318), 34% S1+/+ S2À/À and 66% S1+/À S2À/À plants were obtained, but no double mutants (Table 1) . These data led to the important conclusion that the two sesquimutants were not equivalent with regards to the production of double-mutant seed.
Analysis of both sesquimutant gametophytes
As mentioned above, the rescued progeny obtained by the self-pollination of the S1À/À S2+/À sesquimutant contained the expected proportion of double-mutant plants, whereas that of the other sesquimutant did not. As a result of the absence of aborted seeds in the siliques of S1+/À S2À/À sesquimutant plants (Figure 3a) , we concluded that the observed lack of double-mutant seed was not the consequence of either embryonic or female gametophyte lethality. Similarly, no lethality was detected after Alexander staining of pollen grains (Figure 3b ). Furthermore, the pollen grains were mainly trinucleated, thereby showing that they had reached the mature stage (Table 2) and that in vitro pollen germination was similar to that of the control (Table 2) . Although the global behaviour was apparently identical for both sesquimutant gametophytes, the remaining AtSnAK2 allele allowed the production of double-mutant seed, whereas a remaining AtSnAK1 allele did not.
Complementation of the AtSnAK1 AtSnAK2 double mutant
To confirm the correlation between the small-size phenotype and the AtSnAK1 AtSnAK2 double-mutant genotype, functional complementation was performed. To this end, the promoter region of the AtSnAK2 gene (2096 bp before the start codon) was cloned upstream from the AtSnAK2 open reading frame into a binary vector and introduced in planta through Agrobacterium-mediated infection, as described in the Experimental procedures. As the double 
(c) Figure 1 . Characterization of Arabidopsis SnAK1 and SnAK2 single, sesquiand complemented double mutants. (a) Arabidopsis thaliana SnAK gene organization is shown with boxes representing exons (dark grey, coding regions; light grey, untranslated regions). T-DNA insertion sites are indicated for both mutants (SALK_015230 for AtSnAK1 and GABI_713C09 for AtSnAK2), and numbered arrows (from 1 to 6) indicate the localization of primers used for genotyping (for detailed sequences, see Table S1 ). mutant did not grow in soil, transformation was performed using genotyped S1À/À S2+/À sesquimutant plants, from which double mutants were shown to be obtained. Primary transformants were selected in vitro on glucose-supplemented media, controlled for the presence of the transgenic construct (pS2::S2; see Figure 1b ) and transferred to soil. AtSnAK1 and AtSnAK2 locus genotyping of these transgenic lines revealed that among them, genuine double mutants were rescued by the construct with a frequency close to the expected 25% double mutant in the S1À/À S2+/À sesquimutant progeny. These complemented Figure 2 . Analysis of the S1À/À S2+/À sesquimutant progeny. Seeds of the S1À/À S2+/À sesquimutant progeny (obtained by self-pollinating) were batch-harvested and either (a) sown one by one in soil and cultivated for 18 days in SD growth chamber conditions, or (b) sterilized and sown in vitro on 3% glucose-supplemented half-strength MS medium plates and cultivated for 4 weeks in SD culture room conditions. Aborted plantlets (a) and small-sized plantlets (b) are circled in white and black, respectively. Scale bars: 1 cm. (c) Genotyping of the two different plantlet size populations (large plants, small plants) and control Col-0 plants (WT) was performed using the numbered primers (from 1 to 6, see Table S1 for detailed sequences) mentioned in Figure 1 . Primer combinations are given in brackets and the expected PCR fragment size in bp is shown in italics. The genotypes related to AtSnAK1 (S1) and AtSnAK2 (S2) loci are indicated.
[Colour figure can be viewed at wileyonlinelibrary.com]. Figure 1 ; complemented double-mutant line and its genotype in c). As a control, the same experiment was carried out using genotyped S1+/À S2À/À sesquimutant plants (the other genetic combination), from which we did not obtain any double mutants. Amongst the genotyped primary transformants (n = 80), no double mutant was identified, again suggesting that both sesquimutants are not equivalent.
Sugar dependency of the AtSnAK1 AtSnAK2 double mutant Shen et al. (2009) showed that AtSnAKs could be the kinases phosphorylating/activating AtSnRK1, the cardinal kinase controlling energy balance in plants. A virusinduced gene silencing (VIGS) loss-of-function AtSnRK1a1 AtSnRK1a2 double mutant had a strong pleiotropic growth-arrest phenotype that could not be rescued by sugar supplementation (Baena-Gonz alez et al., 2007) . In contrast, our AtSnAK double mutant, that should lead to the loss of AtSnRK1 activation, appeared to be rescued by glucose supplementation. To further characterize the sugar dependency of the AtSnAK1 AtSnAK2 double mutant, batch-harvested S1À/À S2+/À sesquimutant progeny were sown on half-strength MS media containing various glucose concentrations. As expected, two populations (large-and small-sized plantlets) were observed on all concentrations tested (0-6% glucose; Figure 4b ), whereas the wild-type control displayed only large-sized plants (Figure 4a ). The optimal concentration for the wild-type growth appeared to be around 1.5% glucose in our culture conditions. In the case of the small-sized plantlets, the absence of glucose led to growth arrest at the two-cotyledon stage, as in soil (Figure 2a) . The glucose concentration for the optimal growth of these plants was found to be higher than that of the large-sized plants, at around 3% (Figure 4c ), whereas 6% glucose appeared much more toxic for the double mutant than for the the large-sized plants (Figure 4 ). Continuous light irradiance was also tested (see Figure S3 ), but contrary to the moss snf1a snf1b double mutant (Thelander et al., 2004) , this did not improve the growth of the AtSnAK1 AtSnAK2 double mutant.
Growth and development of the AtSnAK1 AtSnAK2 double mutant
It had been shown that SnAK proteins only accumulated in young tissues, thus suggesting that SnRK1 phosphorylation/activation could be the result of another kinase(s) in mature leaves (Shen et al., 2009) . We wanted to see whether double mutants were able to develop a certain level of autotrophy after glucose-dependent growth in vitro, with this being possibly revealed after transfer to soil (Figure 5a ). Plants were first grown in vitro for 5 weeks on 3% glucose, and at the date of transfer (J = 0) double mutants were small-sized plantlets with between five and seven green leaves, whereas plants of the other genotypes (WT: S1+/+ S2+/+ pS2::S2À ; Sesquimutant: S1À/À S2+/À pS2::S2À ; Complemented double mutant: S1À/À S2À/À pS2::S2+ ; Figure 5a ) were considerably larger and had between eight and 10 green leaves (Figure 5a ). After 14 days (7 SDs+7 LDs), double-mutant plants did not show any growth and they did not develop any new organs, in contrast to all other lines. In parallel, double mutants were maintained in vitro on the same 3% glucose medium and transferred from short days to long days for five additional weeks (Figure 5b ). In this case, the double mutant continued to grow, although very slowly, and developed flowers (Figure 5b ). In vitro, flowers of the AtSnAK1 AtSnAK2 double mutant were miniature versions of their WT 0% 0.5% 1.5% 3% 6% glucose Figure 4 . Effect of glucose concentration on the growth of S1À/À S2+/À sesquimutant progeny. Sterilized seeds of S1À/À S2+/À sesquimutant progeny (obtained by self-pollinating) were batch-harvested (and wild-type Col-0 seeds were used as a control), sown in vitro on glucose-supplemented half-strength MS media and cultivated for 2 weeks in SD conditions. Several concentrations of glucose were used, ranging from 0 to 6%. (a) Wild-type plants (S1+/+ S2+/+), (b) sesquimutant S1À/À S2+/À progeny composed of large-sized plantlets (left) and small-sized plantlets (right), (c) detailed views of three different small-sized plantlets at each glucose concentration. Scale bars: (a, b) 1 cm; and (c) 2 mm. The genotypes related to AtSnAK1 (S1) and AtSnAK2 (S2) loci are indicated. [Colour figure can be viewed at wileyonlinelibrary.com].
counterparts. Indeed, all the components of a normal flower, i.e. sepal, petal, carpel and stamens, were fully differentiated (Figure 6a, left) . Nevertheless, a closer investigation showed a more rounded global shape of flower buds with protuberant stigmates. Furthermore, Alexander and DAPI staining revealed misformed and non-viable pollen grains, although they contained nuclei (Figure 6b, c) . Therefore, the AtSnAK1 AtSnAK2 double mutant never produced seeds. It is important to note that wild-type plants grown in vitro also displayed small-sized flowers ( Figure 6a, right) ; however, these flowers were fertile, their stamens contained viable pollen grains that were mainly trinucleated (Figure 6b , c, right), and they were able to produce viable seed in vitro (Figure 6a, insert, right) . Therefore, these results revealed that AtSnAK double mutants never became autotrophic, which may be not suprising because of the fact that, in these plants, the activation of AtSnRK1, the central integrator of energy sensing, is not expected to occur.
Molecular analysis of the AtSnAK1 AtSnAK2 double mutant
The major target of AtSnAK1 and AtSnAK2 in vitro was reported to be the catalytic subunits of SnRK1 complexes (Shen et al., 2009) . Thus, in planta, in the physiological context of the double mutant, the absence of SnRK1 T-loop phosphorylation was expected. In order to address this point, western blot experiments were performed using wild-type, double-mutant and complemented doublemutant plants grown in sugar-supplemented medium as controls (Figure 7a ). Coomassie blue staining of SDS-gels did not show any differences in their soluble protein profile (Figure 7b ), including the large subunit of the ribulose-1,5-bisphosphate carboxylase/oxygenase. Interestingly, SnRK1a1 was immunologically detected in the double mutant as well as in both controls, and at comparable levels, thereby suggesting that SnAK depletion did not affect SnRK1a1 protein level (Figure 7c ). Nevertheless, no or very low levels of SnRK1a T-loop Thr175 phosphorylation was detected in the double-mutant soluble protein extracts (Figure 7d ). Such results correlate the absence of SnAK with the lack of SnRK1a Thr175 phosphorylation and the developmental phenotype, and conversely the restauration of SnRK1a Thr175 phosphorylation/activation and the wild-type developmental phenotype of the double mutant complemented with a AtSnAK2 wild-type coding sequence under the control of its own promoter.
DISCUSSION
This work examined the Arabidopsis thaliana SnRK1 activating kinases (AtSnAKs) phylogenetically related to PAK1, TOS3 and ELM1 in yeast, and LKB1 and CaMKKb in Figure 5 . The in vitro-grown AtSnAK1 AtSnAK2 double mutant is unable to survive after transfer to soil, but it can flower in vitro. Plantlets of the indicated genotypes (S1, S2 and pS2::S2) were grown in vitro on 3% glucose-supplemented half-strength MS medium in SD conditions for 5 weeks. They were either (a) transferred to soil (J = 0) and cultivated in a growth chamber for 7 days in SD conditions (J = 7d SD) and a further 7 days in LD conditions (J = 7d SD + 7d LD) or (b) transferred to small individual pots containing the same 3% glucose-supplemented half-strength MS medium and cultivated for five additional weeks in LD conditions to induce flowering. Only double-mutant and wild-type (WT) plants are shown. Scale bars: 2 cm. [Colour figure can be viewed at wileyonlinelibrary.com].
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mammals, that phosphorylate and activate the stressrelated energy sensing regulators SNF1 and AMPK, respectively. Shen et al. (2009) had previously shown that AtSnAK1 and AtSnAK2 (also named GRIK2 and GRIK1, respectively) were in vitro activating kinases of SnRK1, the corresponding central integrator of plants. The major purpose of our study was to assess the role of these kinases in planta, and to this end we isolated loss-of-function mutants. Single homozygote mutants displayed no phenotype because of an apparent gene redundancy, whereas the crossed single mutants did not produce double-mutant progeny. Interestingly, this was in agreement with data from the GABI-DUPLO project (Bolle et al., 2013) showing that it was impossible to obtain an AtSnAK1 AtSnAK2 double mutant because of lethality before germination. Examination of the experimental protocol revealed that the offspring of only one of the two possible sesquimutants, S1+/À S2À/À, was analysed. We therefore explored the potential existence of the double mutant in the progeny of the other sesquimutant, S1À/À S2+/À. In this way, plantlets were rescued that did not possess SnAK phosphorylation activity.
AtSnAKs are involved in the phosphorylation/activation of AtSnRK1 in planta Shen and Hanley-Bowdoin (2006) showed that AtSnAKs (GRIKs) could form a molecular interaction with both AtSnRK1 catalytic subunits and phosphorylate the critical threonine residue in the activation loop (T-loop) of the enzyme in vitro. In addition, as AtSnAKs complemented the yeast triple TOS3 ELM1 PAK1 mutant (the three kinases phosphorylating SNF1, the homolog to SnRK1), these authors concluded that AtSnAKs were genuine AtSnRK1-activating kinases. In our hands, AtSnAK loss of function led to lethality when plants were cultivated on soil, but the double mutant present in the S1À/À S2+/À sesquimutant progeny (see above) could be rescued in vitro on sugar-supplemented medium. The double mutant contained wild-type levels of AtSnRK1a1, but this protein exhibited no or highly reduced T-loop Thr175 phosphorylation ( Figure 7) and consequently no or highly reduced catalytic activity. In contrast, double-mutant plants complemented by a transgenic construct containing the AtSnAK2 coding sequence under the control of its own promoter recovered WT levels of SnRK1a T-loop phosphorylation and a normal growth/developmental phenotype (2007) had shown that VIGS of the two a catalytic subunits, AtSnRK1a1 and AtSnRK1a2, also named KIN10 and KIN11, almost completely blocked growth and development in the SnRK1 loss-of-function plants. This might be expected when considering the cardinal role played by the kinase in sensing stresses and impacting metabolism, energy balance and cell growth. Expression of a broad array of genes involved in catabolism and anabolism were found to depend on this master kinase (Baena-Gonz alez et al., 2007) . Therefore, it is consistent that our AtSnAK1 AtSnAK2 double mutant, which contains a non-phosphorylated, thus inactive AtSnRK1, displays a similar phenotype to that of AtSnRK1a-deficient plants.
It is interesting to note that AtSnRK1a1 (KIN10) overexpressors also showed reduced growth, whereas the KIN10 silenced line was able to use exogenously supplied sucrose (Baena-Gonz alez et al., 2007). The interpretation was that the plant containing SnRK1 activity (normal or increased levels) responds to sugar by inducing the repression of biosynthetic activities; however, the severe growth phenotype shown by the VIGS double KIN10 KIN11 (AtSnRK1a1 AtSnRK1a2) mutant could not be reversed either by continuous light irradiance or by sugar supplementation (Baena-Gonz alez et al., 2007). The authors concluded that their results supported a more fundamental role for KIN10 KIN11 than merely impacting on anabolism/ catabolism. Our data globally agree with this interpretation, although the severely affected SnAK double mutant grew on sugar-supplemented media and remained a living plant that reached the flowering stage. This suggested that the lack of SnRK1 phosphorylation negatively impacts on several important pathways, which sugar supply cannot totally restore as the double-mutant plants are not like the wild type, even on sugar-supplemented media. Alternatively, AtSnAKs can have additional targets unrelated to AtSnRK1 that participate in the observed phenotype.
We reasoned that the expression of a phosphomimetic mutated form of the SnRK1a1 kinase subunit (with an Asp replacing the T-loop Thr 175, and thus expected to be constitutively active) in the AtSnAK double mutant should provide proof that the observed phenotype was partly or totally the result of a lack of SnRK1 activation. The corresponding construct was first tested in a yeast snf1 mutant (Thompson-Jaeger et al., 1991; Gietz et al., 1995) , but it exhibited only a weak but significant complementation ( Figure S2 ; Methods S2). When tested in plants, however, approximately 15% of the in vitro glucose-supplemented recovered T 1 transgenic lines died after transfer to soil, and none of the others had an AtSnAK1 AtSnAK2 doublemutated genotype. These data suggested that even if AtSnRK1a1 T175D phosphorylated a synthetic peptide in vitro (Crozet et al., 2010) , it is certainly poorly or inadequately active in planta. Alternatively, a constitutively active SnRK1 could be harmful to harmonious plant development, especially in the presence of sugar, a condition during which the plant is not expected to activate the SnRK1 pathway.
Are there other protein kinases phosphorylating SnRK1 in planta?
In mammals and yeast, several kinases are involved in the phosphorylation/activation of AMPK and SNF1 complexes (Hardie, 2007) . Along the same lines, Shen and HanleyBowdoin (2006) reported that in A. thaliana SnAK proteins (GRIKs) were not detected in mature leaves of 6-week-old plants, thus suggesting the involvement of another kinase(s) in the phosphorylation/activation process of AtSnRK1. Clearly, in our work there is little evidence of the existence of such kinase(s). Although SnRK1 protein content was not impaired in the AtSnAK double mutant, its phosphorylation status was either null or extremely low. Perhaps in other culture conditions, and also in a normal plant, other kinase(s) are able to relay AtSnAK activity. Broad-range kinases could also be involved in this cascade, for example Ca 2+ -dependent kinases in relation to different type of stress (Crozet et al., 2014; Hardie and Ashford, 2014 ). This will need to be clarified further, but it appears that SnAKs are the major SnRK1 kinases in Arabidopsis.
Do AtSnAK1 and AtSnAK2 have redundant roles in planta?
In the work of Shen and Hanley-Bowdoin (2006) , AtSnAK1 and AtSnAK2 were both specifically located in young tissues. In situ hybridization patterns for AtSnAK1 and AtSnAK2 indicated differential localization, and differences in their local concentrations. This strongly suggested that each form played a specific role in the corresponding cells. In contrast, we have found that the two single mutants and the two sesquimutants grew and developed normally. Thus AtSnAK1 and AtSnAK2 appear to be exchangeable, and therefore suggests they have redundant functions in vegetative growth and development. Interestingly, an unexpected result was that the two sesquimutants behaved differently with respect to double-mutant production. A detailed examination of gametophytes did not reveal any defect that could explain this difference between sesquimutants (Figure 6 ). Although the female and male gametophytes appeared to function normally, in the remaining AtSnAK1 allele context we never observed double mutants in the progeny, and as no aborted seeds were found, it appeared that fertilization between S1À S2À ovules and S1À S2À pollen grains never occurred. This is consistent with our observation in the complementation experiment, i.e. the inability to find double-mutant plants when S1+/À S2À/À sesquimutants were used for transformation with the pS2::S2 construct. The underlying mechanism of this reproduction 'non-event' is not easily understandable, and obviously requires further investigation. A simple interpretation, however, could simply be a gene dose effect in the maternal tissue of the sesquimutant carpel, which in functional AtSnAK2 allele plants allowed the fertilization of S1À S2À ovules by S1À S2À pollen grains and double-mutant production, whereas this was not the case in the AtSnAK1-containing plants. Indeed, if a redundant function existed for AtSnAK2 in a specific tissue at this stage of plant development, we would not expect to find single AtSnAK2 mutant plants.
Final conclusions
In our work, an AtSnAK double mutant was isolated thereby invalidating the GABI-DUPLO conclusions about this gene pair (Bolle et al., 2013) . Its characterization showed an altered phosphorylation of the SnRK1 master regulator, thus suggesting that the observed growth and developmental phenotype was mainly the result of an impairement of the corresponding signalling pathway. Despite such an important physiological drawback, the AtSnAK double mutant could carry out a near normal developmental programme when supplemented with sugars, except for the production of seed. Our data strongly suggest that SnAK1 and SnAK2 share redundant functions as upstream kinases of SnRK1.
EXPERIMENTAL PROCEDURES Plant growth conditions
The different A. thaliana lines used in this work were the Columbia-0 ecotype as the wild-type control, SALK_015230 (SALK collection; Alonso et al., 2003) , with a T-DNA insertion in the AtSnAK1 gene (At5g60550), and GK_713C09 (GABI-Kat collection; Kleinboelting et al., 2012) , with a T-DNA insertion in the AtSnAK2 gene (At3g45240) (see Figure 1) . For growth-chamber cultures, seeds were sown directly on soil and plants were grown at 70% relative humidity with a light intensity of 150 lmol photons m À2 sec À1 and a day/night regime of 8 h at 20°C/16 h at 18°C (short days, SDs), or 16 h at 20°C/8 h at 18°C (long days, LDs). For in vitro cultures, seeds were sterilized using a solution of Bayrochlor (Bayrol, http://www.bayrol.com) in 95% ethanol (one tablet dissolved in 40 ml of water and diluted 1:10 with 95% ethanol), rinsed with absolute ethanol, dried overnight and finally sown seed-by-seed on square plates containing halfstrength MS medium (Duchefa Biochemie B.V., http://www.duc hefa-biochemie.com), supplemented or not with various glucose concentrations. Plates were incubated in a culture room with a light intensity of 150 lE lmol photons m À2 sec À1 and day/night regimes identical to the growth-chamber conditions described above.
Plant genotyping
For genotype determination, genomic DNA was extracted from young leaves following the procedure described by Edwards et al. (1991) , with adaptation to multi-well strips. Two PCRs were performed for each locus: one for the presence of the wild-type allele and one for the T-DNA insertion allele using Taq polymerase that was produced according to the method described by Desai and Pfaffle (1995) . For AtSnAK1, the combination of primers used for the two PCRs were (1 + 3) and (2 + 3), the AtSnAK2 primer combinations were (4 + 6) and (4 + 5) (for primer sequences and PCR programmes, see Figure 1 ; Tables S1 and S2). To determine the presence of the transgenic construct in the complemented lines, the primer combination (7 + 8) was used (Figure 1 ; Tables S1 and  S2 ).
Double-mutant complementation
The AtSnAK2 promoter region (2096 bp upstream from the start codon) was cloned in pGEM-T as a PstI-BamHI PCR fragment (obtained with PfuI polymerase; Promega, http://worldwide. promega.com) using the (pS2-F + pS2-R) primer combination (for primer sequences and the PCR programme, see Tables S1 and S2) on Col-0 genomic DNA as a template (Dellaporta et al., 1983) . The AtSnAK2 open reading frame previously cloned in a pBi/smGFP vector (Jasinski et al., 2002) was digested as a BamHI-EcoRI cassette (containing the AtSnAK2 open reading frame, a GFP sequence that was not used in this work and a Nos terminator). This was cloned downstream from the AtSnAK2 promoter region PstI-BamHI fragment in a tripartite cloning using the PstI-EcoRI cut vector pPZP111 (Hajdukiewicz et al., 1994) . Seeds from the S1À/À S2+/À or S1+/À S2À/À sesquimutant offspring were sown on soil and plants were genotyped to select S1À/À S2+/À or S1+/À S2À/À sesquimutants, which were further transformed using the floral-dip method (Clough and Bent, 1998) with Agrobacterium tumefaciens strain GV3101::pMP90 (Koncz and Schell, 1986) carrying the above described construct. Primary transformants were selected in vitro on 3% glucose supplemented with halfstrength MS containing kanamycine (100 mg L
À1
). Green growing plantlets were transferred to soil and grown in SD conditions. They were further genotyped for mutated AtSnAK1 and AtSnAK2 loci and for the presence or not of the transgenic construct.
Cytology
Freshly opened siliques were observed using a stereomicroscope (SVII; Carl Zeiss, http://www.zeiss.com) and images were captured with a colour charge-coupled device camera (Power HAD; Sony Corporation, http://www.sony.net). To assess pollen viability, mature indehiscent stamens were stained with Alexander solution (Alexander, 1969) and observed by differential interference contrast using a macroscope (AZ100; Nikon, http://www.nikon.com) and a colour cooled CCD camera (DsRi1; Nikon). To determine the nucleic content of pollen grains, DAPI staining was performed as described by Domenichini et al. (2012) . Images were captured using an epifluorescence microscope (Axioskop; Carl Zeiss) with a cooled CCD camera (Spot RT slider; Diagnostic Instruments Inc., USA, http://www.spotimaging.com) and Z-stack projections (maximum intensity) were performed using IMAGEJ software (http://ima gej.nih.gov/ij). In vitro pollen germination was performed in liquid medium using the conditions determined as optimal by Boavida and McCormick (2007) .
Western blot analysis
Seeds of wild type, S1À/À S2+/À sesquimutant offspring and complemented double-mutant lines were sown in vitro on 3% glucose supplemented half-strength MS medium and cultured under SDs for 7 weeks. Rosettes (250 mg fresh weight) were ground in a mortar with liquid nitrogen and the powder was transferred to a microcentrifuge tube; 400 ll pre-heated (75°C) double-strength Laemmli buffer (Laemmli, 1970) was added together with a protease inhibitor cocktail (P9599; Sigma-Aldrich, https://www.sigmaaldrich.com) and MG132, a proteasome-specific inhibitor (Calbiochem, Merck-Millipore, http://www.merckmilli pore.com) and incubated for 5 min at 95°C. Debris was eliminated by centrifugation (5 min at 20 000 g, 4°C) and an aliquot of surpernatant was sujected to SDS-PAGE (8% acrylamide) for 2 h at 100 V and the gel was stained with Coomassie-blue to compare and to adjust the level of proteins in each extract. Aliquots of normalized extracts were submitted to SDS-PAGE (same conditions as above). Proteins were transferred with a semi-dry blotter (Bio-Rad, http://www.bio-rad.com) for 45 min at 15 V to a nitrocellulose membrane (GE Healthcare Life Sciences, http:// www.gelifesciences.com). The membrane was blocked with buffer B [Tris-buffered saline (TBS), 0.1% Tween and 5% bovine serum albumin (BSA, A4503; Sigma-Aldrich)] for 1 h at 18À20°C with shaking, and probed with the first antiboby: either 1 ll ml
À1
anti-AKIN10 (Agrisera, http://www.agrisera.com) or 1 ll ml À1 antiphosphoThr172-AMPKa (Cell Signaling Technology, https:// www.cellsignal.com) in buffer B, overnight at 4°C, with gentle shaking. After four washes of 10 min with TBS + 0.1% Tween and shaking at room temperature, 0.1 ll ml À1 horseradish peroxidase-coupled anti-rabbit IgG secondary antibody (A6154; SigmaAldrich) was incubated in buffer B (1 h, at room temperature with gentle shaking). Blots were washed five times as described above and developed for 5 min with ECL according to the manufacturer's instructions (CPS350; Sigma-Aldrich). Exposure was performed using Hyperfilm TM ECL (Amersham, GE Healthcare Limited).
SUPPORTING INFORMATION
Additional Supporting Information may be found in the online version of this article. Figure S1 . Detection of AtSnAK1 and AtSnAK2 full-length transcripts in S1 and S2 single and sesquimutant lines. Figure S2 . Phosphorylation-mimetic AtSnRK1a1 T175D variant weakly complements the yeast snf1 mutant. Figure S3 . Continuous light irradiance does not improve the rescue of AtSnAK1 AtSnAK2 double-mutant plants. 
